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hybridization protocol for the analysis of microbial
communities in anaerobic fermentation liquor
Edith Nettmann1,2*†, Antje Fröhling3†, Kathrin Heeg1,4, Michael Klocke5, Oliver Schlüter3 and Jan Mumme1Abstract
Background: The production of bio-methane from renewable raw material is of high interest because of the
increasing scarcity of fossil fuels. The process of biomethanation is based on the inter- and intraspecific metabolic activ-
ity of a highly diverse and dynamic microbial community. The community structure of the microbial biocenosis varies
between different biogas reactors and the knowledge about these microbial communities is still fragmentary. However,
up to now no approaches are available allowing a fast and reliable access to the microbial community structure.
Hence, the aim of this study was to originate a Flow-FISH protocol, namely a combination of flow cytometry and
fluorescence in situ hybridization, for the analysis of the metabolically active microorganisms in biogas reactor
samples. With respect to the heterogenic texture of biogas reactor samples and to collect all cells including those
of cell aggregates and biofilms the development of a preceding purification procedure was indispensable.
Results: Six different purification procedures with in total 29 modifications were tested. The optimized purification
procedure combines the use of the detergent sodium hexametaphosphate with ultrasonic treatment and a final
filtration step. By this treatment, the detachment of microbial cells from particles as well as the disbandment of cell
aggregates was obtained at minimized cell loss. A Flow-FISH protocol was developed avoiding dehydration and
minimizing centrifugation steps. In the exemplary application of this protocol on pure cultures as well as biogas reactor
samples high hybridization rates were achieved for commonly established domain specific oligonucleotide probes
enabling the specific detection of metabolically active bacteria and archaea. Cross hybridization and autofluorescence
effects could be excluded by the use of a nonsense probe and negative controls, respectively.
Conclusions: The approach described in this study enables for the first time the analysis of the metabolically active
fraction of the microbial communities within biogas reactors by Flow-FISH.
Keywords: Flow cytometry, Fluorescence in situ hybridization, Flow-FISH, Biogas reactor, Upflow anaerobic solid state
(UASS) reactor, Anaerobic digestionBackground
The foreseeable scarcity of fossil fuels promoted the
development of innovative techniques for the gener-
ation of alternative energies in the last years. In this
case, the utilization of renewable raw materials such
as agricultural biomass or organic wastes represents* Correspondence: Edith.Nettmann@rub.de
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reproduction in any medium, provided the oran important cornerstone for the production of re-
newable energy.
In the last years, the investigation of microbial bio-
cenoses responsible in biogas reactors for the production
of methane-rich biogas became a matter of particular
interest. Several studies led to the conclusion that a uni-
form microbial community in biogas reactors does not
exist and, in addition of it, there are still gaps of know-
ledge about the microflora in this environment [1-5]. To
overcome this lack of knowledge the establishment of a
fast and reproducible analytical tool for the specific de-
tection of the metabolically active microorganisms in
this environment is of high relevance.tral Ltd. This is an open access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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http://www.biomedcentral.com/1471-2180/13/278Beside gene based quantification techniques such as
quantitative real-time PCR, the hybridization of micro-
bial cells with 16S ribosomal RNA (16S rRNA) targeting
fluorescently labeled oligonucleotides (fluorescent in situ
hybridization, FISH) and a subsequent microscopic cell
counting is the method of choice for the quantification
of microorganisms in environmental samples [6,7]. The
benefit of this technique is the cell based quantification
of microorganisms at different taxonomic levels de-
pending on the degree of conservation of the probe
target sequence [8].
However, some potential pitfalls of FISH are well
known and should be noted [9,10]. One of the most
critical steps is the fixation of samples. The fixative saves
the cell morphology while simultaneously the cell mem-
brane is permeabilized for the labeled oligonucleotides. In
addition, this step prevents cell lysis during hybridization
and subsequent storage. Because of different charac-
teristics of the cell membrane of Gram-negative and
Gram-positive cells, different fixatives have to be used
[11]. Whereas fixation with cross-linking agent formalde-
hyde or paraformaldehyde is strengthen the cell wall of
Gram-negative prokaryotes, the cell wall of Gram-positive
bacteria will be damaged by these fixatives. Therefore, it is
recommended to fix Gram-positive cells with ethanol.
Besides fixation, the metabolic activity state of the ana-
lyzed cells has also a high impact on the FISH results be-
cause most common FISH probes target the 16S rRNA
molecules in prokaryotic cells. The number of ribosomes
is strongly depending on the metabolic activity of the
cell. Prokaryotic cells with low metabolic activity or in a
dormant state may have a low content of ribosomes and
in consequence a low content of probe targets which re-
sults in hardly proven fluorescence signals [6,7,12,13].
Nevertheless, for the analysis of the microbial commu-
nity of biogas reactors the detection of active cells is of
special interest because these cells are responsible for
biogas generation from biomass.
The conventional FISH approach is very time-consuming
due to the essential number of technical and biological
replicates that have to be performed. As an alternative
method, flow cytometry allows high-throughput quanti-
fication and simultaneously the phenotypic separation
of cell populations based on differences in surface cha-
racters of single cells [12,14]. Recently, flow cytometry
was successfully applied for the analyses of the micro-
bial community structure in different environmental
samples to generate cytometric fingerprints using DNA-
intercalating dyes such as 4’,6-diamidino-2-phenylindole
(DAPI) [15-17].
However, staining with DNA-intercalating fluorochromes
may provide information on the amount of microbial cells
in a given sample but not on their taxonomic identity [12].
This lack can be overcome by the combination of flowcytometry and FISH. This approach is called Flow-FISH
and was described for the first time by Rufer and co-
workers (1998) [18] within the scope of the analysis of
human lymphocytes. In respect to the analysis of mi-
crobial cells the Flow-FISH technique was firstly ap-
plied by Friedrich and Lenke (2006) [19]. Since then,
the Flow-FISH has already been applied successfully
for the analysis of pure cultures [20] as well as the
analysis of mixed microbial populations [12]. Further-
more, this technique was used for the monitoring of
specific clostridial cells in an anaerobic semi-solid bio-
hydrogen producing system [21]. In addition, Flow-FISH
could be an innovative technique for microbiological ana-
lyses of biogas reactors samples.
However, the Flow-FISH based analysis of microbial
communities in biogas reactors is strongly hampered by
the high heterogeneity of the sample material due to the
presence of organic (e.g. plant fibers) and inorganic par-
ticles which cause high background fluorescence signals.
Moreover, most of the process relevant microorganisms
adhere on these particles and form complex biofilms
or form dense cell clusters like Methanosaeta spp. and
Methanosarcina spp. [22,23]. This hampers any cell coun-
ting attempt by microscopy as well as flow cytometry. In
addition, some of these cell associations can reach a thick-
ness that inhibits the penetration of FISH probes into dee-
per layers of cell clusters. In consequence, only the surface
cells are hybridized with FISH probes and are detectable by
Flow-FISH. Hence, samples from this environment have to
be pretreated to purify and to isolate all microbial cells of
the whole biogas reactor biocenosis. Despite the number
of different pretreatment approaches developed for a var-
iety of samples of different environmental origins [24-28],
up to now no procedures are published for the purifi-
cation of samples from biogas reactors leading to pre-
parations suited for the measurement of the microbial
community by Flow-FISH.
To overcome these technical limitations, the aim of
this study was to establish a high-throughput technique
for the detection and the quantification of process rele-
vant, active microorganisms in anaerobic digestion
using the process liquor of an upflow anaerobic solid-
state (UASS) biogas reactor as test material [29]. There-
fore, a purification technique was primarily optimized
to fulfill the following requirements: (1) detachment of
cells from organic and inorganic particles, (2) disband-
ment of cell aggregates, (3) no or low cell loss, and (4) a
rapid implementation. Furthermore, a modified Flow-
FISH protocol based on different already published pro-
tocols [12,20,30] was developed and tested regarding
following influencing parameters: (1) type of fixative
used for cell fixation directly after sampling, (2) possible
cell losses by centrifugation during FISH procedure, and
(3) cell activity.
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Optimization of the purification technique
The application of flow cytometry for the analysis of the
microbial community in biogas reactors requires previous
sample purification due to its high content of organic and
inorganic particles and the presence of huge cell aggre-
gates and biofilms. The capillary within the flow cytometer
could clog due to such large particles. Moreover, the mi-
crobes bound in aggregates and biofilms are hardly detect-
able and countable with the Flow-FISH.
In this study, six purification procedures with in total
29 modifications were tested (Table 1). These six purifi-
cation strategies are based on the use of a detergent to
dissolve cell aggregates and to detach cells from different
surfaces in soils [24-26,28] or turbid seawater [27]. A
current method to increase the effect of detergent is the
ultrasonic treatment [31] and homogenization of the
sample with a dispersion unit [26]. The concentration of
the used detergent and the settings of ultrasound and
homogenization should be adjusted because these treat-
ments can also destroy the cell wall of microbes. There-
fore, cell numbers were determined by Coulter CounterTable 1 Purification procedures and modifications
Procedures References Detergents Detergent
concentrat
1 S.B. Singh-Verma
(1968), LR. Bakken (1985)
Sodium
hexametaphosphate
C1) 0,2% (w
C2) 0,5% (w
2 S.B. Singh-Verma (1968),
LR. Bakken (1985)
Bromhexine
hydrochloride
C1) 0,2% (w
3 W.B. Yoon and R.A.
Rosson (1990)
Tween C1) 5 μg/m
C2) 10 μg/m
C3) 25 μg/m
4 E.L Schmidt (1974) Tween 80 +
0.007 g ml-1
flocculation reagent
(Ca (OH)2: MgCO3
(2:5))
C1) 25 μl/m
5 O. Resina-Pelfort
et al. (2003)
Triton X-100 C1) 10 μg/m
C2) 20 μg/m
6 L R. Bakken (1985) Sodium
pyrophosphate
C1) 0,2% (w
n.a. = not applied.
1)using the Sonoplus GW2070 (Bandelin, Germany).
2)using the dispersion unit VDI12 for 0.1 - 5.0 ml volumes (VWR, Germany).
C1-3, H1-2, S1-2 and F1-2 indicate variations of the original protocols tested for thesystem in order to control cell losses caused by sample
pretreatment. However, due to the heterogeneity of sam-
ple material derived from biogas reactors a control of
cell counts with the Coulter Counter system before and
after purification procedures was not feasible. Thus, a
pure E. coli culture was used to control possible cell
losses during the different procedures (Figure 1A).
With exception of procedure 4-C1 and 5-C2-S2-H1
(see Table 1 for details) the cell losses of control samples
during purification were marginal. Best results were
obtained with procedure 1, using sodium hexametapho-
sphate as detergent, and procedure 6, with sodium pyro-
phosphate as detergent (Figure 1A). To determine the
presence and the size of cell aggregates as well as cells
attached to debris, the differentially treated samples were
examined visually by fluorescence microscopy (Table 2).
Overall, the purification procedure 1 using the deter-
gent sodium hexametaphosphate provided the best re-
sults concerning the disbandment of cell aggregates and
biofilms and the elimination of organic and inorganic
particles from the biogas reactor samples with a mini-
mal cell loss during purification procedure. The finalions (C)
Ultrasound
treatment (S)1)
Homogenization (H)2) Filtration (F)
/v) S1) 40 W, 60 sec,
5 impulses/sec
(different repetitions)
H1) none F1 none
/v) S2) 65 W, 60 sec,
5 impulses/sec
(different repetitions)
H2) 60 sec, speed 5
(different repetitions)
F2) 12–15
μm filter
/v) S1) 40 W, 60 sec +
65 W, 60 sec,
5 impulses/sec
H1) none n.a.
H2) 2× 60 sec, speed 5
l S1) 15 W, 30 sec,
5 impulses/sec
H1) none n.a.
l S2) 35 W, 30 sec,
5 impulses/sec
H2) 5 min, speed 5
l
l n.a. n.a. n.a.
l S1) 35 W, 30 sec,
5 impulses/sec
H1) none n.a.
l S2) 45 W, 30 sec,
5 impulses/sec
H2) 5 min, speed 5
/v) S1 3× 40 W, 60 sec,
5 impulses/sec
H1) 3× 60 sec, speed 5 n.a.
ir eligibility on samples from pure cultures and the UASS biogas reactor.
Figure 1 (See legend on next page.)
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Figure 1 Influencing factors of purifications treatments on cell counts determined by Coulter Counter. (A) Cell counts for E. coli cultures
before (black bars) and after (gray bars) purification procedures. Denomination of procedures is according to Table 1. Error bars resulted from
nine different measurements. (B) Influence of filtration: Cell counts of E. coli purified with procedure 1-C2-S2-H1-F2 prior to vacuum filtration with
a 12–15 μm filter (black bar), after filtration (grey bar), and cell counts of residues on the filter (white bar). Error bars resulted from three
different measurements.
Nettmann et al. BMC Microbiology 2013, 13:278 Page 5 of 15
http://www.biomedcentral.com/1471-2180/13/278power of ultrasonic treatment and the sodium hexa-
metaphosphate concentration for procedure 1 without
filtration (1-C2-S2-H1-F1) was 60 W (60 sec) and 0.5%
(w/v), respectively, which finally resulted in an almost
complete recovery of cells from particles and disband-
ment of cell aggregates (Table 2).Table 2 Evaluation of purification procedures and their modi
Procedure Cell aggregates present Maximum cell aggregate siz
1-C1-S1-H1-F1 yes +++
1-C1-S1-H2-F1 yes ++
1-C2-S1-H1-F1 yes ++
1-C2-S1-H2-F1 yes +
1-C2-S2-H1-F1 no -
1-C2-S2-H1-F2 no -
2-C1-S1-H1 yes +++
2-C1-S1-H2 yes +++
3-C1-S1-H1 yes +++
3-C1-S1-H2 yes ++
3-C1-S2-H1 yes ++
3-C1-S2-H2 yes +
3-C2-S1-H1 yes +++
3-C2-S1-H2 yes ++
3-C2-S2-H1 yes ++
3-C2-S2-H2 yes ++
3-C3-S1-H1 yes ++
3C3-S1-H2 yes ++
3-C3-S2-H1 yes ++
3-C3-S2-H2 yes +
4-C1-H1 yes +++
5-C1-S1-H1 yes +++
5-C1-S2-H1 yes +++
5-C1-S1-H2 yes ++
5-C1-S2-H2 yes ++
5-C2-S1-H1 yes +++
5-C2-S2-H1 yes +++
5-C2-S1-H2 yes ++
5-C2-S2-H2 yes +
6-C1-S1-H1 yes ++
1) +++ = ≥ 52 μm2; ++ = ≥ 24 μm2; + = ≥ 6 μm2; - = no cell aggregates. The size of c
micrometer at 630× magnification. One field covered an area of 5.76 μm2.
Denomination of procedures is according to Table 1. The optimal combination is giAfter repeated detergent and ultrasound treatment for
a maximum of five times all supernatants were pooled
and centrifuged at 8,000 × g for 20 min to collect all
cells in a pellet and subsequently re-suspended in one
fold concentrated phosphate buffered saline (1× PBS). A
microscopic validation of this cell suspension showed afications by fluorescence microscopy
e1) Abiotic particles present Abiotic particles covered with cells
yes no
yes no
yes no
yes no
yes no
no no
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
yes yes
ell aggregates was determined by microscopic field analyses using an ocular
ven in italics.
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particles which were free of cells, but made the samples
unusable for analysis by Flow-FISH. Therefore a final
vacuum filtration using a filter with a pore size of
12-15 μm was conducted. The cell loss resulting from
filtration seemed to be negligible as the control expe-
riment using E. coli cultures treated with procedure 1-
C2-S2-H1-F2 revealed (Figure 1B). Figure 2 shows
exemplary microscopic images of the application of
purification procedure 1-C2-S2-H1-F2 using two differ-
ent samples from the UASS biogas reactor (UASS-1 and
UASS-2). The microbial cells were stained with DNA-
binding fluorescence dye 4’,6-diamidino-2-phenylindole
(DAPI). Before purification, small and large particles
covered with cells as well as cell aggregates wereFigure 2 Microscopic verification of purification procedure 1-C2-S2-H
reactor. D-F) Microscopic image of UASS-2 reactor at different times of sampl
images B and E represent samples after purification procedure whereas imag
Cells were stained with DAPI. Microscopic images were generated using a Nik
AMCA filter tube. Scale bar equals 50 μm.observed in the UASS samples (Figure 2A, D). After ap-
plication of purification procedure 1-C2-S2-H1-F2,
these large particles were no longer present in the sam-
ples (Figure 2B, E). The microscopic analysis of residues
on the filter (Figure 2C, F) resulted in only few single
cells and cell free particles. This confirmed the results
of purification treatment shown in Figure 2 (B, C).
In conclusion, the procedure 1-C2-S2-H1-F2 using
0.5% sodium hexametaphosphate as detergent in com-
bination of 60 W ultrasound treatment for 60 sec and a
final filtration showed the best results and was subse-
quently used for the pretreatment of UASS biogas re-
actor samples for microbial analysis by Flow-FISH.
However, it must be noted that, depending on the actual
grade of heterogeneity of the biogas reactor sample, the1-F2 at 400× magnification. A-C) Microscopic image of UASS-1
ing. Images A and D represents samples before purification procedure,
es C and F show residues on the filter. All samples were diluted 500-fold.
on Optiphot-2 microscope (Nikon, Duesseldorf, Germany) and a DAPI
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Figure 3 illustrates the different steps of the optimized
purification procedure established in this study and the
principle of the Flow-FISH technique.
Establishment of a Flow-FISH protocol
Flow cytometry is a rapid high-throughput technique for
the examination of microbial cells and a process in
which characteristics of single cells are measured in a
fluid stream [32]. In combination with FISH technique,
so called Flow-FISH, the taxonomic identification of sin-
gle microorganisms in microbial community and the cell
quantification will be feasible simultaneously.Figure 3 Schematic figure illustrating the design and the principles o
optimized purification procedure 1-C2-S2-H1-F2. (B) The purified sample is
(FISH) and a subsequent analysis by flow cytometry. During FISH the 16S rRNA
labeled oligonucleotides (FISH probes). Samples with fluorescence labeled mic
labeled particles are delivered in single file to pass a focused light beam. The
detection of the scattered light of particles in two directions representing theThe application of conventional FISH protocols accord-
ing to Amann et al. (1990) [11], Wallner et al. (1993) [18],
and Grzonka (2008) [30] for Flow-FISH technique resulted
in high cell losses due to the centrifugation steps as part of
the dehydration steps. With E. coli cultures, performing de-
hydration steps reduced the detected cell number by two to
three log units (Figure 4). For UASS reactor samples a
lower cell loss of about one log unit was determined after
performing dehydration steps (Figure 4). Hence, to avoid
high cell losses, dehydration and most centrifugation steps
were abandoned in the new optimized FISH protocol.
In this study, the effect of dehydration or non-
dehydration, respectively, on the hybridization rate off Flow-FISH protocol established in this study. (A) Single steps of
used for Flow-FISH, a combination of fluorescence in situ hybridization
molecules of target microorganisms are hybridized with fluorescence
roorganisms are analyzed by flow cytometer. In the flow cell fluorescently
fluorescence emission of labeled cells is detected simultaneously with the
cell size and granularity. *SHMP= sodium hexametaphosphate.
Figure 4 Influence of dehydration and associated
centrifugation steps prior to FISH hybridization on cell counts.
The bar charts represented the cell counts for E. coli cultures and UASS
biogas reactor samples with (black bars) and without (white bars)
dehydration steps during the FISH procedure. All samples were
pretreated with purification procedure 1-C2-S2-H1-F2. Error bars
resulted from nine different measurements with Coulter Counter. In
case of UASS sample with dehydration step (black) only three
measurements were conducted.
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tures, E. coli and P. fluorescens (Figure 5A). In case of P.
fluorescens no effect of dehydration on success of FISH
was obvious, whereas in case of E. coli, the Flow-FISH
protocol including dehydration steps showed a quite
higher hybridization rate. For purified UASS biogas re-
actor samples no effect of omitted or performed dehy-
dration on the hybridization rates was detected. To
avoid false positive fluorescence signals caused by cell
autofluorescence during measurement by flow cyt-
ometer, hybridizations without probes were performed
[9]. These negative controls resulted in no fluorescence
signals indicating the absence of microbial autofluores-
cence (Figure 5A). The ethanol dehydration could
support the cell membrane permeability of some pro-
karyotes for FISH probes resulting in a higher
hybridization rate. However, this effect may differ from
organism to organism. Therefore, every sample needs to
be controlled for dehydration effects on cell counts and
hybridization rates, especially in case of mixed cultures
or environmental samples.For the verification of a possible cross hybridization of
the specific FISH probe with non-target individuals the
NonEUB338 probe was used standardly. This nonsense
probe is reverse complementary to EUB338 probe and has
no known 16S rRNA target. The test was conducted using
a mixed culture of Methanosarcina barkeri (Archaea) and
Propionibacterium acne (Bacteria) (Figure 5B). Whereas
hybridization of M. barkeri / P. acne mixed culture using
the probe ARCH915 resulted in a high hybridization rate
of about 80% of all cells, no fluorescence signal was deter-
mined with NonEUB338. This indicates that the chosen
hybridization conditions did not promote any cross
hybridization of archaeal FISH probe with bacterial cells
in this culture. Furthermore, FISH without any probe was
performed with the same sample to evaluate possible back-
ground fluorescence because it is well known that P. acne
exposed a low red autofluorescence [33,34]. As expected,
in this experiment the control sample of the mixed culture
showed minor background fluorescence (Figure 5B).
Another factor influencing the result of Flow-FISH is
the choice of the fixative for the necessary cell fixation
immediately after sampling. Because most environmental
samples include both Gram-negative and Gram-positive
prokaryotes, it is generally recommended to prepare
both, formaldehyde- as well as ethanol-fixed samples.
In this study, both fixation procedures were carried
out with pure cultures of C. thermocellum, as a typical
representative for Gram-positive prokaryotes in biogas
reactors, as well as samples of UASS biogas reactor. In
case of C. thermocellum, the fixation with 50% ethanol
led to an increased hybridization rate when using the
bacteria universal probe EUB338 (Figure 5C). In con-
trast, in case of the UASS reactor sample, the fixation
with 3.7% formaldehyde resulted in better hybridization
rates than obtained after ethanol fixation regardless of
which FISH probe was applied. The sum of archaea and
bacteria cell counts in formaldehyde fixed samples
achieved about 90% of total cell counts determined by
flow cytometry (Figure 5C). Interestingly, the percentage of
archaea, i.e. about 40% of total cell counts, is relatively high
compared with previously published results [4,23,35,36].
On the other hand, Fredriksson and co-worker (2012) [3]
studied the diversity and the dynamic of archaea commu-
nity in different compartments of an activated sludge
wastewater treatment plant (WWTP) and determined an
average percentage of archaea cells up to 75% using con-
focal laser scanning microscopy. Because the negative con-
trol hybridizations with probe NonEUB388 and the
subsequent measurements in flow cytometer did not show
any fluorescent cells, the absence of cross hybridization
effects for UASS samples is indicated (Figure 5C). The low
hybridization rates observed for bacteria in UASS samples
and C. thermocellum could be caused by a lower metabolic
activity of parts of these cells. Microorganisms in the
Figure 5 Establishment of Flow-FISH protocol. The average percentage of cells hybridized with AlexaFluor488 labeled oligonucleotide probes
for bacteria (EUB338), archaea (ARCH915), and the nonsense probe NonEUB338 was determined by flow cytometry at 488 nm excitation: (A) Effect of
dehydration on FISH hybridization rate using pure cultures of E. coli and Pseudomonas fluorescens; +D =with dehydration steps before hybridization,
-D =without dehydration steps before hybridization. (B) Proof of possible cross hybridization effects using mixed culture of Methanosarcina barkeri
(archaea) and Propionibacterium acne (bacteria). (C) Influence of fixative on FISH hybridization rate using a pure culture of Clostridium thermocellum and
two independent samples of a mesophilic UASS biogas reactor (UASS-1 and UASS-2); F = sample was fixed with 3.7% formaldehyde, E = sample was
fixed with 50.0% ethanol. For all experiments a control sample without any FISH probe was applied to detect possible cell autofluorescence. All samples
were pretreated with purification procedure 1-C2-S2-H1-F2. Error bars resulted from three different measurements.
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http://www.biomedcentral.com/1471-2180/13/278environment often do not grow at their optimal rate and
could show different metabolically stages: active, inactive,
starved, and dormant. Generally, microbial cells with
metabolic activity have a sufficient number of 16S rRNA
molecules which were usually used as targets for fluores-
cently labeled FISH probes. In consequence, a sufficient
number of 16S rRNA molecules is required for strong
fluorescence signals in flow cytometry or fluorescence
microscopy, respectively [7,8,37].
Determination of the microbial metabolic state
Because of the low hybridization rate partially observed
for some samples (Figure 5), the metabolic cell activity
was determined by examination of dehydrogenase activ-
ity visualized by 5-Cyano-2,3-ditolyl tetrazolium chloride
(CTC) reduction in microbial cells. CTC is reduced to
CTC formazan by electron transfer through respiratory
activity and accumulates as red fluorescent crystals in-
side the cell [38-40]. This enables the detection of active
cells by flow cytometry as well as by fluorescence mi-
croscopy. Therefore, a regular sampling within 24 hfrom the UASS biogas reactor as well as growth series of
E. coli and C. thermocellum were performed.
At anaerobic conditions an abiotical reduction of CTC
is possible [38]. Hence, inactivated samples from the
UASS reactor as well as E. coli and C. thermocellum cul-
tures were used as negative controls to exclude possible
false positive fluorescence signals. No fluorescence sig-
nals could be detected from any inactivated samples
after CTC incubation indicating that no abiotical reduc-
tion of CTC occurred at the apparent experimental
conditions (data not shown).
The evaluation of UASS samples after CTC incubation
was difficult. Because it could not be ruled out that the
CTC formazan crystals will be washed out of the cells
during purification procedure as described above, we de-
cided to pass on the sample pretreatment. Hence, meas-
urement by flow cytometry could not be conducted and
cell counts in UASS samples were estimated by micro-
scopic field analysis. Because of background fluorescence
of unpurified UASS samples a reliable quantification of
total cell count as well as of CTC-formazan positive cells
Figure 7 Growth series. Cell counts of E. coli (−○-) and C.
thermocellum (−●-) evaluated every 3 h over a growth period of
36 h. At each data point cells were tested for cell activity by CTC
incubation (see Figure 8). Cell counts were determined in triplicate
by Coulter Counter.
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http://www.biomedcentral.com/1471-2180/13/278was not possible. In general, the activity of cells in UASS
reactor samples was low according to CTC-formazan
staining. An example of analyzed UASS reactor sample
3 h after supply with wheat straw as substrate is shown in
Figure 6. About 43% to 60% of total cells showed a positive
CTC-formazan fluorescence signal regardless of the time
of sampling indicating active cells which were in conse-
quence detectable by Flow-FISH.
Because of the difficult conditions, as described above,
for the evaluation of the metabolic activity of microor-
ganisms in UASS reactor samples, this experiment was
also applied for growth series of E. coli and C. thermocel-
lum pure cultures. Photometric analyses of the growth
state of pure cultures resulted in a typical growth curve
of E. coli with an exponential growth phase in the first
12 h followed by a long stationary phase (Figure 7). The
results of CTC incubation determined by flow cytometry
showed that E. coli cells were highly active after a
growth time of 3 h (Figure 8A). This was also verified by
confocal laser scanning microscopy (Figure 8B-C). At
growth time of 3 h the highest fluorescence signals
of CTC-formazan were determined whereas the lowest
cell number of E. coli was measured (Figures 7 and 8).
Furthermore, flow cytometry has shown that the cell
number of E. coli pure culture increased during the first
12 h. Overall, the cell number increased with increasing
growth time but fluorescence signals of cells decreased
simultaneously (Figures 7 and 8A-C) which indicates that
the cells reduced their metabolic activity during growth.Figure 6 Evaluation of CTC treated UASS sample 3 h after
feeding with wheat straw by confocal laser scanning microscopy.
Total cell counts were determined by counting SYTO60 stained cells
(red color). CTC-formazan fluorescence is shown in blue (outside
cells) or white (inside cells). Micrographs are overlays of sequential
scans. Scale bar equals 10 μm.In consequence the number of ribosomes and 16S rRNA
molecules in these cells was also decreased. DeLong and
co-workers (1989) [6] have shown that the fluorescence
signal intensity is directly related to the physiological state
of the cells. However, other studies have shown that slowly
growing bacteria can possess high numbers of ribosomes
or, in contrast, highly active microorganisms can have low
numbers of ribosomes [30,37,41,42].
In contrast, the growth curve from C. thermocellum
showed a long lag phase of approximately 20 h followed
by a weak exponential growth phase (Figure 7). Due to
the limitation on 36 h, the end of the exponential
growth phase and the beginning of the stationary growth
phase could not be determined during this experiment.
Furthermore, CTC-formazan fluorescence signals could
only be determined after 22 h growth time. However,
fluorescence signals before a growth time of 22 h were
quite low (microscopic data not shown). Thus, the
low hybridization rate of C. thermocellum detected by
Flow-FISH could have been caused by a low metabolic
cell activity and, consequently, by a low 16S rRNA con-
centration in the cells. The results of both experiments
are in accordance to further studies [6-8,37].
Conclusions
In this study, a protocol for purification of high hetero-
genic liquid samples from biogas reactors for the ana-
lysis of microbial community by flow cytometry was
successfully developed. Furthermore, a Flow-FISH proto-
col was established to detect process-relevant active
microorganisms in biogas reactor samples.
The developed purification procedure (1-C2-S2-H1-F2) is
based on the treatment with sodium hexametaphosphate
and ultrasound treatment with a final filtration step. We
demonstrated that cell aggregates could successfully be
Figure 8 Dehydrogenase activity in E. coli cultures determined by CTC treatment. Samples were taken every 3 h over a total growth period
of 36 h. An untreated E. coli culture was used as control. Fluorescence emissions were determined by flow cytometry (A) and by confocal laser
scanning microscopy (B-D). Images B-D show CTC treated E. coli cells after growth of 3 h (B), 6 h (C), and 9 h (D). Total cell counts were
determined by counting SYTO60 stained cells (red color). CTC-formazan fluorescence is shown in blue (outside cells) or white (inside cells).
Micrographs are overlays of sequential scans. Scale bar equals 10 μm.
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ganic or inorganic particles and that these particles were
eliminated from the samples using this purification pro-
cedure. Moreover, the cell loss due to purification was
negligible.
Furthermore, a modified Flow-FISH protocol for
analysis of microbial community biogas reactors was
successfully adapted in this study. The waiver of de-
hydration steps decreased the cell loss during pro-
cedure but this may also decrease the hybridization
rate of some bacteria species. Therefore, the benefit
on cell counts by omission of dehydration should be
decided from case to case. However, we have shown
that the applied Flow-FISH protocol did not allow
cross hybridization determined by use of the non-
sense probe NonEUB338. In addition, false positive
fluorescence signals caused by background fluores-
cence or autofluorescence of microorganisms were
also excluded by using control hybridizations without
any FISH probes.
The new developed purification technique in combin-
ation with a modified Flow-FISH protocol described in
this paper enables for the first time a high throughput
analysis of microbial communities in heterogenic sam-
ples from biogas reactors focused on the detection of
process-relevant, metabolically active microorganisms.Methods
Cultivation of pure cell cultures
Pure cultures of Escherichia coli (DSM 1116), Pseudomonas
fluorescens (DSM 50090), and Clostridium thermocellum
(DSM 1237) as well as a mixed culture of Methanosarcina
barkeri (DSM800) and Propionibacterium acne (DSM1897)
were cultivated under defined conditions as control sam-
ples. Therefore, cryo beads of E. coli and P. fluorescens were
pre-cultivated over night at 37°C (E. coli) or 30°C (P. fluor-
escens) in filtrated Nutrient Broth (NB) medium. For this
pre-culture, approx. 106 cells per ml were used to inoculate
100 ml fresh and NB medium. These cultures were incu-
bated for 10 h at the respective optimal growth temperature
to obtain the working culture. C. thermocellum cells were
cultivated in GS2 nutrient solution [43] at anaerobic condi-
tions at 55°C for 30 h. M. barkeri and P. acne were culti-
vated in mixed culture in DSM medium 120 (Leibniz
Institute DSMZ, German Collection of Microorganisms
and Cell Cultures, Germany) at anaerobic conditions at
37°C for 48 h. All culture media were sterilized by auto-
claving process before use.
Operation and sampling of the biogas reactor
The design and operation of the upflow anaerobic solid
state (UASS) reactor connected with a downstream
anaerobic filter (AF) reactor was described in detail by
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straw was used as substrate at an organic loading rate
(OLR) of 2.5 g volatile substances (VS) per liter and day.
The UASS reactor was operated at mesophilic tempera-
tures (37°C). Two liquid samples were taken from the
effluent of the UASS reactor at various times (hereafter
referred to as UASS-1 und UASS-2). Samples were proc-
essed immediately after sampling for further analyses.
Sample fixation
Sample fixation was carried out immediately after sam-
pling according to a protocol after Kepner and Pratt
(1994) [45]. Therefore, 10 ml of pure cultures or liquid
samples from the UASS reactor, respectively, were fixed
with 30 ml of a 3.7% formaldehyde solution (diluted in
1× PBS pH 7.4) for 4 h at 4°C. After fixation, the sam-
ples were centrifuged at 8,000 × g for 20 min at room
temperature (RT). The supernatant was discarded and
the pellet was washed twice in 1× PBS using same cen-
trifugation conditions as before. The 1× PBS was pre-
pared of 140 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl,
and 1.8 mM KH2PO4. The pH was adjusted to 7.4 with
HCl (all reagents were provided by Carl Roth GmbH &
Co. KG, Germany). After washing the pellet was re-
suspended in 5 ml 1× PBS, mixed with 5 ml 96% ethanol
p.a. and stored until further use at −20°C.
Alternatively, a fixation with 50% ethanol (diluted in
1× PBS pH 7.4) was performed for Gram-positive pro-
karyotes. In this case, the samples were centrifuged at
8,000 × g for 20 min. The pellets were re-suspended in
5 ml 1× PBS, mixed with 5 ml 96% ethanol p.a. and
stored until further use at −20°C.
Sample pre-treatment for Flow-FISH analyses
Six different pre-treatment techniques for sample purifi-
cation taken from the recent literature (in the following
denominated as procedure 1 to procedure 6) were tested
on both, pure cultures and UASS biogas reactor samples.
An overview about all pre-treatment procedures and
their modifications is given in Table 1.
The following modifications of these procedures were
conducted: (a) varying concentrations of detergents
(Table 1, index C), (b) ultrasound treatment at varying
intensities (Table 1, index S), (c) without and with
homogenization at varying intensities (Table 1, index H),
and (d) with or without filtration (Table 1, index F).
For procedure 1, 10 ml of fixed sample was centri-
fuged at 8,000 × g for 20 min at room temperature. For
procedures 2–6, a similar volume was centrifuged at
15,000 × g for 5 min at room temperature. Afterwards,
all preparations were washed once with 1× PBS (pH 7.4)
to remove ethanol. The solid residues were re-suspended
according to the respective literature. All applications were
carried out in triplicates. In the following, purificationprocedure 1 is described in detail because this procedure
is the optimized pre-treatment method for Flow-FISH,
while the other pre-treatment techniques were carried out
as published previously (Table 1). All applied modifica-
tions are described in Table 1.
Procedure 1 modified after Singh-Verma [22] and Bakken
[24,26]: The cell pellet was washed with sterile 1× PBS
(pH 7.4). After centrifugation at 8,000 × g for 20 min the
cell pellet was re-suspended in 10 ml sterile 0.5% sodium
hexametaphosphate (pH 8.5, Sigma-Aldrich, Germany).
After 10 min of incubation the sample was sonicated at
65 W for 1 min (Sonoplus GW2070, Bandelin, Berlin,
Germany). A centrifugation step at 650 × g for 2 min was
conducted to separate microorganisms from organic or
inorganic particles in the sample. The supernatant contain-
ing free cells was transferred in a sterile tube for further ap-
plication. The residual cell pellet was re-suspended in
10 ml sterile 0.5% sodium hexametaphosphate (pH 8.5) and
incubated for 10 min followed by a further ultrasonic treat-
ment and centrifugation step. The sodium hexameta-
phosphate incubation step, the ultrasound step, and the
centrifugation step were repeated up to five times depend-
ing on sample consistence. After five repetitions, the
remaining pellet should consist mainly of organic and inor-
ganic material and a negligible quantity of free microbial
cells. The supernatants containing free microbial cells were
pooled in a sterile tube. The cells were collected by centri-
fugations at 8,000 × g for 20 min. The supernatant was
discarded and the pelleted cells were re-suspended in 10 ml
1× PBS (pH 7.4). Afterwards, a vacuum filtration of the
sample using a sterile filter with 12–15 μm pore size
was conducted. The filter was washed once with 40 ml
1× PBS (pH 7.4). Subsequently, the filtrate was centri-
fuged at 8,000 × g for 20 min. The supernatant was dis-
carded, and the pellet was re-suspended in 10 ml of 1× PBS
(pH 7.4) and used for the Flow-FISH analysis. In addition,
the residues on the filter were collected described as follow-
ing: to re-suspend particles and cells the filter was trans-
ferred into a 50 ml tube and incubated in 9 ml 1× PBS
(pH 7.4) at room temperature for 20 min with slow rota-
tion. After incubation, the filter was carefully rinsed off with
1 ml 1× PBS (pH 7.4). The residues on the filter were sub-
sequently used for the microscopic verification of purifica-
tion success.
All samples purified by the six procedures were stored
at 4°C no longer than 12 h until further processing.
Verification of purification procedures
One important criterion for a purification method is a
minimized loss of cells. Unfortunately, cell densities of
untreated biogas reactor samples could not be calculated
by particle counting due to interfering particles and cell
aggregates. Hence, pure cultures of E. coli were used
for determination of cell losses during the purification
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by Coulter Counter (Multisizer™ 3 Coulter Counter®,
Beckman Coulter, Germany). Each triplicate was mea-
sured three times and the standard deviation of the nine
measurements was calculated. Measurements were car-
ried out with a 50 μm capillary, and the measurement
volume was 50 μl. To determine the particle number
and size within the electrolyte solution (‘background
control’), the electrolyte was measured without addition
of any microorganisms.
For the verification of the purification success in
terms of cell aggregates disbandment and detachment
of microorganisms from particles, the washed pellets,
the supernatants, and the residues on the filter were
visually evaluated by fluorescence microscopy. For
microscopic analyses 10 μl of residues on the filter,
pellet samples, and supernatants each diluted 1:500 in
sterile water were coated on separate wells of a 10-well-
slide in triplicates. After drying the samples at 40°C the
antifading reagent Citifluor A1 (PLANO GmbH, Wetzlar,
Germany) was added to coat each well and 0.2 μl
of a 20 μg ml-1 stock solution of 4’,6-diamidino-2-
phenylindole (DAPI) were carefully injected into the
Citifluor A1 drop. The size of cell aggregates was deter-
mined by microscopic field analyses using an ocular mi-
crometer at 630× magnification. Five randomly chosen
microscopic fields from each sample were analyzed in
terms of the sizes of cell aggregates, the presence of
organic and inorganic particles, and their microbio-
logical growth. One microscopic field comprised the
total area of 144 μm2 and was divided into 10 × 10 sub-
fields of 5.76 μm2 each. All microscopic analyses were
conducted with a Nikon Optiphot-2 microscope (Nikon,
Duesseldorf, Germany) fitted with a DAPI AMCA filter
tube or with an Olympus BX51 fluorescence microscope
(Olympus GmbH, Hamburg, Germany) fitted with a
U-MWU2 filter module.
Fluorescence in situ hybridization (FISH)
FISH was carried out with domain specific probes
EUB338 (5′-GCTGCCTCCCGTAGGAGT-3′) [46] and
ARCH915 (5′-GTGCTCCCCCGCCAATTCCT-3′) [47]
for the detection of bacteria and archaea, respectively.
For the detection of undesired cross hybridization with
non-target microorganisms the nonsense probe Non-
EUB338 (5′-ACTCCTACGGGAGGCAGC-3′) [20] was
used. Furthermore, negative controls without the addition
of probes were performed to determine autofluorescence
effects. All FISH probes were labeled with fluorescent dye
Alexa488 and were manufactured by Eurofins MWG
GmbH (Ebersberg, Germany). Flow-FISH was carried out
in triplicates which were each analyzed three times by flow
cytometry. Based on these in total nine measurements an
average with a standard deviation was calculated.The modified protocol for Flow-FISH of biogas reactor
samples established in this study consists of following
steps: 250 μl fixed sample was centrifuged at 8,000 × g for
20 min. All centrifugation steps were conducted at room
temperature. The supernatant was discarded, and the
pellet was re-suspended in 221 μl of 46°C preheated
hybridization buffer (0.9 M NaCl, 20 mM Tris/HCl
(pH 7.2), 0.1% SDS and 50% formamide) and 21 μl of the
FISH probe (50 ng μl-1). During incubation at 46°C for
2 h, the sample was repeatedly inverted. A centrifugation
step at 8,000 × g for 20 min ensured the pelleting of mi-
crobial cells. The cell pellet was washed twice with 500 μl
0.05 M PBS pH 7.0 using the same centrifugation condi-
tions as before. The phosphate buffered saline (PBS) was
prepared of 137 mM NaCl, 2.7 mM KCl, 40.6 mM
Na2HPO4, and 7.1 mM KH2PO4. The pH was adjusted to
7.0 with HCl and the buffer was finally filtered with a
0.2 μm membrane filter.
For comparison, the following conventional FISH
protocol according to Amann et al. (1990) [11], Wallner
et al. (1993) [18], and Grzonka (2008) [30] was also per-
formed: 1 ml fixed sample was centrifuged at 8,000 × g
for 20 min. The pellet was dehydrated stepwise in 1 ml
50%, 80% and 96% ethanol for 3 min each. After each
ethanolic treatment a centrifugation at 8,000 × g for
20 min was conducted. After completed dehydration the
pellet was re-suspended in 46°C preheated hybridization
buffer (0.9 M NaCl, 20 mM Tris/HCl (pH 7.2), 0.1%
SDS, and 50% formamide) containing FISH probe with
an end concentration of 5 ng per μl. The hybridization was
carried out in the dark for 2 h at 46°C in a water bath with
occasional inverting. To remove hybridization buffer and
non-bound probes the samples were centrifuged at 8,000 ×
g for 20 min and washed with 0.05 M PBS (pH 7.0). After
further centrifugation at 8,000 × g for 20 min, the pellet
was re-suspended in 0.05 M PBS (pH 7.0) to obtain a cell
concentration of approximately 106 cells per ml suited for
subsequent flow cytometric analysis.
Flow cytometry
For flow cytometry, a Cytomics FC500 (Beckman Coulter,
Deutschland) or a CyFlow ML (Partec, Deutschland) plat-
form were used. In case of the Cytomics FC500, the field
stop was set on 1 - 19°, and the discriminator to reduce
background noise was set on the side scatter (SS = 2). For
all platforms, the fluorescence of the probes was excited
with a laser at a wavelength of 488 nm and the emission
was measured using a photomultiplier and a band pass fil-
ter of 525 ± 25 nm (Cytomics FC500) or 536 ± 40 nm
(CyFlow ML). Samples without probes were measured to
adjust the voltage of the photomultiplier to avoid the
measurement of autofluorescent cells. A total of 10,000
(Cytomics FC500) or 100,000 (CyFlowML) events were
collected in all runs.
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The low hybridization rate for bacteria in the UASS
biogas reactor samples indicated that not all bacteria
possessed the high metabolic activity essential for a
strong fluorescence signal. Hence, the metabolic activity
of the microbial cells needed to be evaluated. Therefore,
the dehydrogenase activity was determined by incuba-
tion with 5-cyano-2,3-ditolyl tetrazolium chloride (CTC)
according to the protocol of Preuss and Hupfer (1998)
[48] based on a modified protocol of Rodriguez and
co-workers (1992) [49].
This assay was tested with growth series of pure cul-
tures of E. coli and C. thermocellum as well as with a
time series of UASS reactor samples. Samples of the
E. coli and C. thermocellum culture were taken every 3 h
between 3 and 36 h of growth. Samples from UASS bio-
gas reactor were taken 1, 3, 5, 7, 9, 20, and 22 h after last
feeding.
From each sample, triplicates of 1 ml were inoculated
with 100 μl of a 0.16% CTC solution and incubated at
37°C for 60 min with constant shaking at 450 rpm
(Thermomixer comfort, Eppendorf, Germany) and at
dark conditions. As negative controls, 1 ml triplicates
of each sample were inactivated for 20 min at 95°C with
constant shaking at 700 rpm (Thermomixer comfort,
Eppendorf, Germany) and treated as described above.
The CTC reaction was stopped by adding 10 μl 37%
formaldehyde. From each sample, a dilution series (100-,
500- and 1000-fold) was performed with sterile water.
For microscopic quantification of active and inactive
cells 10-well-slides were coated with an aqueous solution
of 0.1% gelatin and 0.01% CrK (SO4). 10 μl of each sam-
ple dilution was added to the wells and dried by air at
room temperature. Subsequently, 5 μl antifading reagent
Citifluor A1 (PLANO GmbH, Wetzlar, Germany) was
added to coat each well, and 0.2 μl of a 5 μM stock solu-
tion of SYTO60 were carefully injected into this drop.
After 20 min incubation the samples were ready to use
for microscopic analysis by confocal laser scanning mi-
croscopy (TCS SP5 II, Leica Microsystems, Germany)
using LAS AF Leica software. Following system settings
were used: scan mode xyz - pinhole 1.50 airy, Acusto-
Optical Tunable Filter (AOTF) 514 nm (10%), AOTF
633 nm (10%); sequential scan settings for SYTO60 -
633 nm, photo multiplier tubes (PMT) 650–770 nm; se-
quential scan settings for CTC - AOTF 514 nm, PMT
570–640 nm. The settings for picture size, gain, and off-
set were varied during the experiment to reach best
image resolution and fluorescence signal strength.
In addition, samples were analyzed by flow cytometry.
The Cytomics FC500 platform was used with following
settings: excitation of CTC fluorescence at 488 nm,
photomultiplier wavelength 615–620 nm. All further
details were as given above.Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
EN and AF conceived the experimental design on Flow-FISH and carried out
the experiments, evaluated the results, and drafted the manuscript. EN
conceived the experimental design on sample pretreatment. KH collected
and provided the biogas reactor samples and helped to draft the manuscript.
MK, OS, and JM participated in the design of the study and provided substantial
expertise on microbial community structure in biogas reactors, flow cytometry
analysis, and performance and processes of UASS biogas reactor, respectively.
All authors contributed to writing the manuscript and read and approved the
final version.
Acknowledgement
This study has been conducted within the APECS junior research group
(grant 03SF0381A) supported by the German Federal Ministry of Education
and Research, and within the WeGa Kompetenznetz Gartenbau (grant 0315541)
funded by the German Federal Ministry of Food, Agriculture and Consumer
Protection, Niedersächsisches Ministerium für Wissenschaft und Kultur,
Brandenburgisches Ministerium für Infrastruktur und Landwirtschaft, and
Bayerisches Staatsministerium für Wissenschaft, Forschung und Kunst. The
authors gratefully acknowledge S. Klocke, J. Schulz, J. Striesow, and J. Klang for
excellent technical assistance.
Author details
1APECS junior research group, Leibniz Institute for Agricultural Engineering,
Max-Eyth-Allee 100, 14469 Potsdam, Germany. 2Institute of Environmental
Engineering, Ruhr University Bochum, Universitätsstrasse 150, 44780 Bochum,
Germany. 3Quality and Safety of Food and Feed, Leibniz Institute for
Agricultural Engineering, Max-Eyth-Allee 100, 14469 Potsdam, Germany.
4Department Bioengineering, Leibniz Institute for Agricultural Engineering,
Max-Eyth-Allee 100, 14469 Potsdam, Germany. 5Faculty of Process Sciences,
Institute of Technical Environmental Protection, Environmental Microbiology,
Technical University Berlin, Ernst-Reuter-Platz 1, 10587 Berlin, Germany.
Received: 5 July 2013 Accepted: 21 November 2013
Published: 4 December 2013
References
1. Nelson MC, Morrison M, Yu ZT: A meta-analysis of the microbial diversity
observed in anaerobic digesters. Bioresour Technol 2011, 102:3730–3739.
2. Ritari J, Koskinen K, Hultman J, Kurola JM, Kymäläinen M, Romantschuk M,
et al: Molecular analysis of meso- and thermophilic microbiota associated
with anaerobic biowaste degradation. BMC Microbiol 2012, 12:121.
3. Fredriksson NJ, Hermansson M, Wilen B-M: Diversity and dynamics of
Archaea in an activated sludge wastewater treatment plant. BMC Microbiol
2012, 12:140.
4. Rademacher A, Zakrzewski M, Schlüter A, Schönberg M, Szczepanowski R,
Goesmann A, et al: Characterization of microbial biofilms in a thermophilic
biogas system by high-throughput metagenome sequencing. FEMS
Microbiol Ecol 2012, 79:785–799.
5. Walter A, Knapp BA, Farbmacher T, Ebner C, Insam H, Franke-Whittle IH:
Searching for links in the biotic characteristics and abiotic parameters of
nine different biogas plants. Microb Biotechnol 2012, 5:717–730.
6. DeLong EF, Wickham GS, Pace NR: Phylogenetic stains: ribosomal
RNA-based probes for the identification of single cells. Science 1989,
243:1360–1363.
7. Wagner M, Horn M, Daims H: Fluorescence in situ hybridisation for the
identification and characterisation of prokaryotes. Curr Opin Microbiol
2003, 6:302–309.
8. Amann RI, Ludwig W, Schleifer K-H: Phylogenetic identification and in Situ
detection of induvidual microbial cells without cultivation. Microbiol Rev
1995, 59:143–169.
9. Hugenholtz P, Tyson GW, Blackall LL: Design and evaluation of 16S
rRNA-targeted oligonucleotide probes for fluorescence in situ hybridization.
Methods Mol Biol 2002, 179:29–42.
10. Souza JVB, Moreira da Silva R Jr, Koshikene D, Silva ES: Applications of
fluorescent in situ hybridization (FISH) in environmental microbiology.
Int J Food Agr Environ 2007, 5:408–411.
Nettmann et al. BMC Microbiology 2013, 13:278 Page 15 of 15
http://www.biomedcentral.com/1471-2180/13/27811. Meier H, Amann R, Ludwig W, Schleifer K-H: Specific oligonucleotide
probes for in situ detection of a major group of gram-positive bacteria
with low DNA G + C content. Syst Appl Microbiol 1999, 22:186–196.
12. Amann RI, Binder BJ, Olson RJ, Chrisholm SW, Devereux R, Stahl DA:
Combination of 16S rRNA-targeted oligonucleotide probes with flow
cytometry for analyzing mixed microbial populations. Appl Environ Microbiol
1990, 56:1919–1925.
13. Kramer JG, Singleton FL: Variations in rRNA content of marine vibrio spp.
During starvation-survival and recovery. Appl Environ Microbiol 1992,
58:201–207.
14. Müller S, Nebe-von-Caron G: Functional single-cell analyses: fow cytometry
and cell sorting of microbial populations and communities. FEMS Microbiol
Rev 2010, 34:554–587.
15. Günther S, Trutnau M, Kleinsteuber S, Hause G, Bley T, Röske I, et al: Dynamics
of polyphosphate-accumulating bacteria in wastewater treatment plant
microbial communities detected via DAPI (4,6-diamidino-2-phenylindole)
and tetracycline labeling. Appl Environ Microbiol 2009, 75:2111–2121.
16. Koch C, Fetzer I, Schmidt T, Harms H, Müller S: Monitoring functions in
managed microbial systems by cytometric bar coding. Environ Sci Technol
2013, 47:1753–1760.
17. Koch C, Günther S, Desta AF, Hübschmann T, Müller S: Cytometric
fingerprinting for analyzing microbial intracommunity structure variation
and identifying subcommunity function. Nat Protoc 2013, 8:190–202.
18. Rufer N, Dragowska W, Thornbury G, Roosnek E, Lansdrop PM: Telomere
length dynamics in human lymphocyte subpopulations measured by
flow cytometry. Nat Biotechnol 1998, 16:743–747.
19. Friedrich U, Lenke J: Improved enumeration of lactic acid bacteria in
mesophilic dairy starter cultures by using multiplex quantitative real-time
PCR and flow cytometry-fluorescence in situ hybridization. Appl Environ
Microbiol 2006, 72:4163–4171.
20. Wallner G, Amann R, Beisker W: Optimizing fluorescent in situ hybridization
with rRNA-targeted oligonucleotide probes for flow cytometric
identification of microorganisms. Cytometry 1993, 14:136–143.
21. Jen CJ, Chou C-H, Hsu P-C, Yu S-J, Chen W-E, Lay J-J, et al: Flow-FISH
analysis and isolation of clostridial strains in an anaerobic semi-solid
bio-hydrogen producing system by hydrogenase gene target. Appl
Microbiol Biotechnol 2007, 74:1126–1134.
22. Garrity GM, Holt JG: Phylum AII. Euryarchaeota. In Bergey’s manual of
systematic bacteriology. Volume 1. 2nd edition. Edited by Boone DR,
Castenholz RW, Garrity GM. New York, NY, USA: Springer; 2001:211–345.
23. Nettmann E, Bergmann I, Pramschüfer S, Mundt K, Plogsties V,
Herrmann C, et al: Polyphasic analyses of methanogenic Archaea
communities in agricultural biogas plants. Appl Environ Microbiol 2010,
76:2540–2548.
24. Singh-Verma SB: Zum problem des quantitativen nachweises der mikroflora
des bodens mit der methode koch. Zentralblatt für Bakteriologie, Parasitologie,
Infektionskrankheiten und Hygiene Abt 2 1968, 122:357–385.
25. Schmidt EL: Quantitative Aut-ecological study of microorganisms in soil
by immunofluorescence. Soil Sci 1974, 118:141–149.
26. Bakken LR: Separation and purification of bacteria from soil. Appl Environ
Microbiol 1985, 49:1482–1487.
27. Yoon WB, Rosson RA: Improved method of enumeration of attached
bacteria for study of fluctuation in the abundance of attached and
free-living bacteria in response to diel variation in seawater turbidity.
Appl Environ Microbiol 1990, 56:595–600.
28. Resina-Pelfort O, Gracia-Junco M, Ortega-Calvo JJ, Comas-Riu J,
Vives-Rego J: Flow cytometry discrimination between bacteria and
clay-humic acid particles during growth-linked biodegradation of
phenanthrene by Pseudomonas aeruginosa 19SJ. FEMS Microbiol Ecol
2003, 43:55–61.
29. Mumme J, Linke B, Tölle R: Novel upflow anaerobic solid-state (UASS)
reactor. Bioresour Technol 2010, 101:592–599.
30. Grzonka CE: Fluoreszenz in situ Hybridisierung zum Nachweis bakterieller
Erreger bei Mukoviszidose (PhD Thesis), PhD Thesis. Germany: Ludwig
Maximilians University Munich; 2008. http://edoc.ub.uni-muenchen.de/8491/.
31. Veilji MI, Albright LJ: Microscopic enumeration of attached marine
bacteria of seawater, marine sediment, fecal matter, and kelp blade
samples following pyrophosphate and ultrasound treatments. Can J
Microbiol 1986, 32:121–126.
32. Shapiro HM: Practical Flow Cytometry. 3rd edition. Hoboken, New Jersey,
USA: Jon Wiley & Sons, Inc.; 2003.33. Youn SW, Kim JH, Lee JE, Kim SO, Park KC: The facial red fluorescence of
ultraviolet photography: is this color due to Propionibacterium acnes or
the unknown content of secreted sebum? Skin Res Technol 2009,
15:230–236.
34. Choi CW, Choi JW, Park KC, Youn SW: Ultraviolet-induced red fluorescence
of patients with acne reflects regional casual sebum level and acne
lesion distribution: qualitative and quantitative analyses of facial
fluorescence. Br J Dermatol 2012, 166:59–66.
35. Supaphol S, Jenkins SN, Intomo P, Waite IS, O’Donnell AG: Microbial
community dynamics in mesophilic anaerobic co-digestion of mixed
waste. Bioresour Technol 2011, 102:4021–4027.
36. Ziganshin AM, Schmidt T, Scholwin F, Ilínskaya ON, Harms H, Kleinsteuber S:
Bacteria and archaea involved in anaerobic digestion of distillers grains
with solubles. Appl Microbiol Biotechnol 2011, 89:2039–2052.
37. Oda Y, Slagman S-J, Meijer WG, Forney LJ, Gottschal JC: Infuence of growth rate
and starvation on fuorescent in situ hybridization of Rhodopseudomonas
palustris. FEMS Microbiol Ecol 2000, 32:205–213.
38. Walsh S, Lappin-Scott HM, Stockdale H, Herbert BN: An assessment of the
metabolic activity of starved and vegetative bacteria using two redox
dyes. J Microbiol Meth 1995, 24:1–9.
39. Frederiks WM, van Marle J, van Oven C, Comin-Anduix B, Cascante M:
Improved localization of glucose-6-phosphate dehydrogenase activity in
cells with 5-cyano-2,3-ditolyl-tetrazolium chloride as fluorescent redox
Dye reveals its cell cycle–dependent regulation. J Histochem Cytochem
2006, 54:47–52.
40. Yamaguchi N, Sasada M, Nasu M: Rapid detection of starved escherichia
coli with respiratory activity in potable water by signal-amplified in situ
hybridization following formazan reduction. Microbes Environ 2009,
24:286–290.
41. Wagner M, Rath G, Amann R, Koops H-P, Schleifer K-H: In situ identification
of ammonia-oxidizing bacteria. Syst Appl Microbiol 1995, 18:251–264.
42. Pernthaler A, Preston CM, Pernthaler J, DeLong EF, Amann R: Comparsion
of fluorescently labelled oligonucleotide and polynucleotide probes for
the detection of pelagic marine bacteria and archaea. Appl Environ
Microbiol 2002, 68:661–667.
43. Johnson EA, Madia A, Demain AL: Chemically defined minimal medium
for growth of the anaerobic cellulolytic thermophile clostridium
thernocellum. Appl Environ Microbiol 1981, 41:1060–1062.
44. Pohl M, Mumme J, Heeg K, Nettmann E: Thermo- and mesophilic
anaerobic digestion of wheat straw by the upflow anaerobic solid-state
(UASS) process. Bioresour Technol 2012, 124:321–327.
45. Kepner RL, Pratt JR: Use of fluorochromes for direct enumeration of total
bacteria in environmental samples: past and present. Microbiol Rev 1994,
58:603–615.
46. Amann RI, Krumholz L, Stahl DA: Fluorescent-oligonucleotide probing of
whole cells for determinative, phylogenetic, and environmental studies
in microbiology. J Bacteriol 1990, 172:762–770.
47. Stahl DA, Amann R: Development and application of nucleic acid
probes. In Nucleic acid techniques in bacterial systematics. Edited by
Stackebrandt E, Goodfellow M. Chichester, England: John Wiley & Sons
Ltd; 1991:205–248.
48. Preuss G, Hupfer M: Ermittlung von Bakterienzahlen in aquatischen
Sedimenten. In Mikrobiologische Charakterisierung Aquatischer Sedimente -
Methodensammlung. 1st edition. Edited by Munich: R. Oldenbourg Verlag:
Vereinigung für Allgemeine und Angewandte Mikrobiologie (VAAM);
1998:2–34.
49. Rodriguez GG, Phipps D, Ishiguro K, Ridgway HF: Use of a fluorescent
redox probe for direct visualization of actively respiring bacteria. Appl
Environ Microbiol 1992, 58:1801–1808.
doi:10.1186/1471-2180-13-278
Cite this article as: Nettmann et al.: Development of a flow-fluorescence
in situ hybridization protocol for the analysis of microbial communities in
anaerobic fermentation liquor. BMC Microbiology 2013 13:278.
